M ental stress and emotion have long been associated with ventricular arrhythmias and sudden cardiac death. [1] [2] [3] [4] Mechanisms are thought to involve the complex interplay between central cortical and brain stem processing and the cardiac electrophysiology. [3] [4] [5] Numerous studies have provided indirect evidence for an effect of mental stress and emotion on cardiac repolarization using ECG-derived parameters, implying an effect on ventricular action potential duration (APD). [6] [7] [8] [9] [10] [11] [12] Most but not all of these studies have reported much larger ECG repolarization changes in patients with cardiac pathology and relatively small changes in subjects with normal ventricles, implying reduced risk of stress-induced repolarization-related arrhythmia in normal subjects. However, evidence on the effect of mental challenge on repolarization in humans remains indirect, relying on extrapolation from electrocardiographic parameters, and direct recordings of ventricular APD during mental stress and emotion have not been reported to our knowledge.
Methods
Studies were performed in 19 subjects (mean age, 57.7; range, 42-75; SD, 8.46 years; 17 men) undergoing cardiac ablation for atrial fibrillation (persistent 3, paroxysmal 16, prior ablation 4). These subjects had normal volumes and ejection fractions assessed by echocardiogram and, despite their atrial fibrillation, were considered to possess healthy ventricles. This study was approved by the Guy's and St. Thomas' Hospital Ethics Committee and conformed to the standards set by the Declaration of Helsinki (1996 amendment). Written informed consent was obtained from all subjects. Antiarrhythmic medication was discontinued 5 days before the study. One patient was receiving amiodarone (half-life ≈58 days), which would still have been present.
Subjects remained unsedated throughout the protocol, although local anesthetic was administered before femoral venous access for catheter insertion. Unipolar electrograms were recorded using 2 decapolar electrode catheters (St. Jude Medical, St Paul, MN) with 2-5-2 mm spacing (35 mm total span). One of these was positioned in the left ventricle (through an atrial trans-septal approach) in a base-apex orientation on the posteroinferior endocardial wall. The second catheter was positioned in a base-apex orientation on the anterior septal wall of the right ventricle. Constant rate pacing was applied to remove heart rate variability as a confounding factor. The pacing rate was set at ≈10 to 20 beats per minute above the subject's intrinsic heart rate, the smallest increase sufficient to minimize the likelihood of breakthrough of the intrinsic rhythm. Breakthrough beats occurred infrequently but were detected and removed from the analysis, along with the successive beat. If these beats constituted >10% of any series, the series was rejected. We used right ventricular rather than atrial pacing, as in previous studies (eg, Hanson et al 17 ) because this produces a more clearly defined T wave in the electrogram and facilitates accurate measurement of the activation recovery intervals (ARIs; Figure 1 ). A stabilization period of ≥2 minutes was observed at the constant pacing rate before electrogram recordings being taken. The reference electrode for all 20 unipolar electrograms was a large skin surface electrode at the position of the umbilicus. Arterial blood pressure was measured from the right femoral artery with a catheter transducer (TruWave PX600F; Edwards Lifesciences, Irvine, CA). Rate of pressure development (RPD) was calculated post hoc from this recording (after low-pass filtering at cut-off frequency of 60 Hz), taking the maximum upward slope of the pressure increase during systole.
Respiration was measured using a custom-adapted tension sensor (adapted from a RESPeRATE device; InterCure Inc, New York, NY) fixed to an expandable elastic band placed around the subject's abdomen. Tension in the elastic band was directly proportional to circumference and hence inspiration and was digitized and recorded at a sample frequency of 1200 Hz and synchronized to the electrogram and blood pressure recordings (Ensite 3000 system; Endocardial DSolutions Inc). Subjects remained nonsedated and watched a 19-inch backlit LCD screen positioned ≈30 cm over their head in direct line of vision, with sound delivered through personal headphones. To investigate the effect of respiratory pattern on ARI recordings, a novel protocol was used to create a control period in which the subject replicated the same respiratory pattern as the movie period, but in the absence of the psychological stress. This was achieved as follows: After the movie the subjects watched a colored moving ball on the video for a 5-minute relaxation period. During this time, the subjects' respiration pattern during the movie clip presentation was analyzed. The respiration trace was then played back to the subject via an animated graphical display (implemented in LabVIEW software; National Instruments Corp, Austin, TX): the subject's variation in chest volume with time was displayed on a moving chart, showing the timing and magnitude of each respiratory cycle as it occurred during the movie clip. A clear indicator highlighted the current state showing inspiration or expiration, and the subjects were further guided by verbal breathing instructions provided by the investigator. A short training period was given before the investigation, and the subject's compliance was verified during the control period.
Mental stress/arousal was solicited by presentation of a short movie clip (4 minutes 30 seconds) depicting a rock-climbing accident (Vertical Limit, Columbia Pictures, 2000). This particular movie clip was chosen because it was perceived to contain a suitable sequence beginning with a minute of low stress, building gradually up to maximum psychological stress at the end. The movie clip had been previously rated by a group of 18 healthy volunteers as moderately stressful (averaging 7 out of 10 on a standardized scale from 0 [no stress] to 10 [maximum possible stress]) and accompanied by an increase in systolic blood pressure of 10 to 15 mm Hg and increase in heart rate of 10 to 15 beats per minute (Taggart P, MD, DSc, unpublished data, 2010), in keeping with most laboratory-based mental stress protocols. [18] [19] [20] ARIs, as an estimate of APD, [21] [22] [23] were calculated automatically by the Wyatt method 23 (Figure 1 ) using the algorithm described by Western et al 24 from automated custom algorithms implemented offline (Matlab Mathworks). Blood pressure, rate of systolic pressure development (dp/dt max ), 25 and respiration rates were calculated from custom algorithms using Matlab.
All statistics were performed using SPSS Statistics, version 20 (IBM SPSS, New York). Measurements were recorded during 3 
Table 1. Change in Hemodynamic Measurements During the Movie Clip (Low Stress at Start of Movie, High Stress at Mid and End of Movie) and During a Control Period Where the Breathing Pattern at Each Stage Is Repeated Without the Movie

Results
Hemodynamics
All of the hemodynamic measurements were increased during the high-stress mid and end movie periods, compared with both the low-stress start of movie period and the repeat breathing control period (P=0.001-0.002). For example, systolic blood pressure increased from 146±20 mm Hg at the start of the movie to 153±22 mm Hg and 156±22 mm Hg at the mid and end movie periods, respectively. There was no significant change in hemodynamics comparing the different repeat control periods with different respiration rates (Table 1 ; Figure 2 ). The increases in hemodynamic measurements seen during the end movie period compared with the matched breathing control period were systolic blood pressure 11±7 mm Hg, diastolic blood pressure 5±4 mm Hg, mean arterial pressure 7±5 mm Hg, and RPD 89±82 mm Hg per second.
Respiration
As expected, mean respiration rates were similar between the different movie periods and their respective copied breathing control period (Table 1 ). The average discrepancy between the movie and control period was 0.24±2 breaths per minute.
There was a significant increase in the respiration rate seen from the start to the end of the movie (P=0.001).
APD (as Measured by ARI)
Mean Global Change in ARI
Mean values of ARI for the 10 electrodes decreased during the movie compared with the repeat breathing control in both the Figure 2 . Change in hemodynamics and respiration rate between movie and repeat breathing control. The mean change plus 95% confidence intervals is displayed. A, Systolic blood pressure. B, Diastolic blood pressure. C, Rate of pressure development (RPD). D, Respiration rate. The hemodynamic measurement changes significantly increase as the movie sequence becomes more stressful. The increase in respiration rate during the movie is well replicated in the repeat breathing control during mid and end sequence, but not the start. , there was a small but consistent statistically significant shortening of global ARI (Figure 3 ; Table 2 ). A similar shortening of ARI is also seen when comparing the movie sequence start (low-stress relaxed sequence) to the high-stress movie mid and end segments (P<0.001). This change in ARI is not seen when comparing the different control periods with different repeated breathing rates (P=0.4).
Between-Subject Variability
There was considerable variability between subjects in the overall mean ARI response. ARI changes in the right ventricle ranged from lengthening by 3.9 ms to shortening by 8.5 ms, and in the left ventricle ranged from lengthening by 2.4 ms to shortening by 12.2 ms. Larger overall changes in ARI were moderately correlated with a greater hemodynamic response (assessed using RPD: right ventricle r=0.569; P=0.001; left ventricle r=0.614; P=0.001). ARI changes at individual recording sites ranged from lengthening by 7.7 ms to shortening by 15.3 ms.
Regional Variability
Similar responses in global ARI shortening were closely correlated between the right and left ventricles (r=0.78; P<0.001), that is, super-responders in 1 ventricle showed a similar response in the other ventricle. However, the global degree of ARI shortening during mid/end movie was significantly greater in the right ventricle compared with the left ventricle (P=0.01; Figure 2 ). Electrode measurements were recorded along the decapolar catheter to assess intraventricular regional variation between the base and apex. Mean ARI shortening at each electrode with 95% confidence interval is shown in Figure 4 . Overall there was no significant association between electrode position and degree of ARI shortening (P=0.5).
Discussion
This study quantified the effect of an emotionally charged movie clip on cardiac repolarization directly from multiple endocardial electrodes in the left and right ventricles, together with central arterial blood pressure, rate of systolic pressure development, and respiration, in conscious cooperative human subjects. As expected, the mild to moderate mental challenge resulted in an increase in mean, systolic, and diastolic blood pressure and RPD. These hemodynamic changes were associated with an overall shortening of ventricular ARI, from which is inferred shortening of APD. The degree of shortening was greater in the right ventricle than in left ventricle. There was no significant variability between the degree of ARI shortening and distal/ proximal position of recording electrodes in these patients with relatively normal hearts. The changes in ARI provide direct quantitative evidence for an effect of mental challenge on repolarization, which was previously inferred from skin surface ECG recordings. The QT interval is a global measurement representing the algebraic sum of ventricular APDs and does not provide information on local changes. 26 However, it is local changes in APD that, along with other factors, are a critical component of re-entrant arrhythmias and information on which is essential to understanding and modeling of mechanisms. Furthermore the acquisition of basic electrophysiological data from the in situ hearts of human subjects is important to the current translational approach of interaction between basic science and the clinic.
The mental challenge altered the respiratory pattern. However, the repeated breathing control period demonstrated that the hemodynamic and repolarization changes we observed were not attributable to the alteration in breathing pattern alone, suggesting that these were predominantly generated by the movie-induced psychological stress.
Methodological Considerations
The methodology used in this study was novel. The protocol was designed to combine electric recordings from within the heart in conscious subjects undergoing a stressful stimulus unaccompanied by vocalization, which would have interrupted the natural Mean ARI values, SD, and change in ARI (and 95% CI) are shown. ARI indicates activation recovery interval; and CI, confidence interval. pattern of respiration. We contrived a protocol to enable subjects undergoing routine cardiac catheterization procedures to be shown film clips during the procedure. Film clips are considered to be among the most powerful stimuli to elicit affective responses in the laboratory setting. 27, 28 Film stimuli have several advantages over other stimuli, including their dynamic nature, a sustained effect, and the combination of visual and auditory inputs. The fixed rate pacing protocol allowed us to isolate changes in ARI as a result of psychological stress independent of rate-related effects.
In these studies, we chose systolic blood pressure and the RPD (both of which are validated in this setting) 25 rather than plasma catecholamine sampling as an index of sympathetic activity to better capture short duration changes throughout the protocol and because we had the benefit of high-quality blood pressure signals recorded directly from the central femoral artery.
Hemodynamic and ARI Changes
The increase in mean, systolic, and diastolic blood pressure and increase in the rate of RPD during the emotionally charged film clip are consistent with an increase in sympathetic activity. During the movie we observed shortening of APD in both the left and right ventricles in keeping with the known effects of adrenergic stimulation. 29, 30 Experimental work in animal models have reported APD or effective refractory period shortening in the region of 4 to 20 ms [31] [32] [33] [34] [35] during direct left, right, or bilateral sympathetic nerve stimulation in canines and effective refractory period lengthening in the region of 4 to 10 ms after sympathetic nerve section, 32, 34 with lower values observed during reflex-induced sympathetic stimulation (4 ms effective refractory period shortening). 32 The relatively small changes in APD that we observed (lengthening of 7.7 ms to shortening of 15.3 ms) compared with the changes reported in response to direct sympathetic nerve manipulation probably relate to the lower intensity of the stimulus generated by the film clips compared with electric nerve stimulation. In support of this notion is the observation that the reported increases in systolic blood pressure were considerably greater during studies using sympathetic nerve manipulation (28-36%) 35 compared with 4.5% in the present study. However, the blood pressure changes that we observed were comparable to those commonly observed during laboratory stress tasks. It is possible that a more intense mental stress stimulus would have produced more pronounced APD shortening. Several mechanisms could underlie the greater degree of ARI shortening seen in the right ventricle compared with the left ventricle. These include asymmetrical autonomic innervation of the ventricles and asymmetrical central input to the autonomic control system, both of which have been considered to play a possible role in inducing electric heterogeneity and arrhythmogenesis. 3 The combination of sympathetic stimulation with ischemia is known to enhance dispersion of ventricular repolarization. 36 We would speculate, therefore, that mental challenge exerts only minor effects on ventricular APD in normal hearts but much greater effects in diseased hearts, which is in keeping with previous reports on the ECG repolarization parameters. 9, 37, 38 Respiration is well known to be influenced by a wide range of stressors from acute psychological threatening stimuli in animals to basic human emotions. [12] [13] [14] [15] In the present study, all subjects demonstrated an increase in respiratory rate during the movie, consistent with other studies on the effect of a mental or emotional challenge. 17 Respiration is known to modulate autonomic activity and alters membrane potentials of preganglionic vagal and sympathetic neurones. Because mental stress is well known to affect both respiration and the autonomic nervous system, 38 it has been uncertain as to their relative roles in mediating the electrophysiological effects of a mental challenge. Our results show that when the altered breathing pattern generated by the movie was copied by the subjects in the absence of the movie, the ventricular APD shortening seen during the movie did not occur. This suggests that the effect of mental challenge on APD was a direct effect via the autonomic nervous system. Several implications may be drawn from our findings. Although APD shortening in response to the mental challenge in these subjects with normal ventricles was a consistent finding, the changes were small and unlikely to pose an arrhythmia risk in themselves. These findings are consistent with the relatively small reported changes in ECG repolarization parameters in response to laboratory stressors in normal subjects. In contrast, studies in humans with coronary artery disease have shown much larger ECG repolarization changes in response to similar laboratory stressors. Furthermore, in animal models of ischemia, large ECG repolarization changes have been observed in response to emotional stress and have been followed by ventricular tachycardia and fibrillation.
Conclusions
The present study using mid to moderate mental stress induced by movie clips indicated an effect of the mental challenge on ventricular repolarization, which was inhomogeneous and varied in degree between individuals. Although unlikely to be arrhythmogenic in normal individuals, a more extreme stress or the presence of cardiac pathology may magnify these effects and provide the substrate for ventricular arrhythmias.
